Background: UppP, an integral membrane protein involved in the bacterial cell wall synthesis, catalyzes the dephosphorylation of undecaprenyl pyrophosphate. Results: The enzyme active site is proposed by modeling, molecular dynamics, and mutagenesis. Conclusion: The enzyme active-site, composed of (E/Q)XXXE and PGXSRSXXT motifs and a histidine, is proposed to be in the periplasm. Significance: This study provides a first insight into structure-function relationships of E. coli UppP. . 3 The abbreviations used are: C 55 -PP, undecaprenyl pyrophosphate; UppP, undecaprenyl pyrophosphate phosphatase; C 55 -P, undecaprenyl phosphate; UppS, undecaprenyl pyrophosphate synthase; Fpp, farnesyl pyrophosphate; Ipp, isopentenyl pyrophosphate; r.m.s.d., root mean square deviation; r.m.s.f., root mean square fluctuation; MD, molecular dynamics.
Undecaprenyl pyrophosphate phosphatase (UppP), an integral membrane protein, catalyzes the dephosphorylation of undecaprenyl pyrophosphate to undecaprenyl phosphate, which is an essential carrier lipid in the bacterial cell wall synthesis. Sequence alignment reveals two consensus regions, containing glutamate-rich (E/Q)XXXE plus PGXSRSXXT motifs and a histidine residue, specific to the bacterial UppP enzymes. The predicted topological model suggests that both of these regions are localized near the aqueous interface of UppP and face the periplasm, implicating that its enzymatic function is on the outer side of the plasma membrane. The mutagenesis analysis demonstrates that most of the mutations (E17A/E21A, H30A, S173A, R174A, and T178A) within the consensus regions are completely inactive, indicating that the catalytic site of UppP is constituted by these two regions. Enzymatic analysis also shows an absolute requirement of magnesium or calcium ions in enzyme activity. The three-dimensional structural model and molecular dynamics simulation studies have shown a plausible structure of the catalytic site of UppP and thus provides insights into the molecular basis of the enzyme-substrate interaction in membrane bilayers.
In the cytoplasm, undecaprenyl pyrophosphate (C 55 -PP) 3 is synthesized by undecaprenyl pyrophosphate synthase (UppS) through consecutive condensation reactions of eight molecules of isopentenyl pyrophosphate (Ipp) with farnesyl pyrophosphate (Fpp) (1, 2) . The product C 55 -PP is then dephosphory-lated to monophosphate undecaprenyl phosphate (C 55 -P) in de novo synthesis by an integral membrane protein, undecaprenyl pyrophosphate phosphatase (BacA/UppP) (3, 4) . C 55 -P is an essential carrier lipid in the bacterial cell membrane for the biosynthesis of peptidoglycan and various carbohydrate polymers, such as lipopolysaccharides, teichoic acids, and osmoregulated periplasmic glucans (5) . Fig. 1 shows a detailed pathway of the C 55 -P serving as a carrier lipid for the translocation of the hydrophilic oligosaccharide precursors (lipid II) across the cell membranes via a recently identified flippase (most probably by FtsW proteins) for peptidoglycan assembly in the periplasm (6) . After the transfer of the glycan component to the peptidoglycan chain, the C 55 -P molecules flip back to the cytoplasm via an unknown mechanism in the recycling pathway. Fig. 1 summarizes a generally accepted model of biosynthesis of carrier lipid in de novo synthesis and the recycling pathway.
In Escherichia coli, four genes, uppP (formerly bacA), pgpB, ybjG, and lpxT (formerly yeiU), have been identified encoding integral membrane proteins with C 55 -PP phosphatase activity. UppP has been suggested to generate 75% of the total cellular C 55 -PP phosphatase activity, whereas the additional enzymes may account for the remaining 25% phosphatase activity (3, 7) . Genomic disruption of each one or in pairs was shown to be nonlethal in E. coli, suggesting that no single enzyme among them is essential for cell growth (3, 4, 7, 8) . However, inactivation of all three genes (uppP, ybjG, and pgpB) caused cell lysis due to the depletion of the pool of C 55 -P as well as the accumulation of peptidoglycan nucleotide used for cell wall synthesis (7) .
C 55 -PP can be produced in two different pathways, by de novo synthesis and by recycling. In both ways, C 55 -PP must be dephosphorylated before it can be used or reused as a carrier lipid for polymer biosynthesis. It has been suggested that UppP participates in the C 55 -PP de novo synthesis at the cytoplasmic site, whereas the other three enzymes (PgpB, YbjG, and LpxT) participate in the C 55 -PP recycling pathway at the periplasmic site. Tatar et al. and Touzé et al. (4, 9) demonstrated that the active sites of LpxT, YbjG, and PgpB are all oriented toward the periplasmic space and might participate in C 55 -PP recycling based on biochemical evidence and topology analysis. On the contrary, the topological model of UppP revealed a large cytosolic loop that is conserved in bacterial UppP enzymes, suggesting that it may participate in C 55 -PP de novo synthesis in the cytoplasm (4, 10) . To date, however, it is still unclear on which side of the plasma membrane the dephosphorylation of C 55 -PP molecules occurs. Whether the dephosphorylation of C 55 -PP occurs on both sides of the plasma membrane or only on one side needs to be determined.
Although UppP, PgpB, YbjG, and LpxT all share the C 55 -PP phosphatase activity, UppP has no sequence homology to the others. Sequence alignment shows that the bacterial PgpB together with YbjG and LpxT belong to the phosphatidic acid phosphatase type 2 superfamily, which is characterized by three conserved motifs (KX 6 RPX 12-54 PSGHX 31-54 SRX 5 HX 3 D) (9 -11) . These conserved motifs are also found in eukaryotic dolichyl pyrophosphate phosphatases (DOLPP1) and yeast CWH8 enzyme (12) (13) (14) . Ishikawa et al. (15) previously determined the crystal structure of a soluble phosphatidic acid phosphatase type 2 protein from Escherichia blattae and demonstrated that the catalytic site is composed of the three consensus motifs, suggesting that its catalytic mechanism could be homologous to membrane-embedded phosphatase (PgpB, YbjG, and LpxT) (9, 15) .
Because no crystal structures of the bacterial UppP or a similar protein of this family are currently available, structurefunction relationships of UppP are therefore unknown. A recent study in topology analysis of UppP showed that two consensus motifs are specific to the UppP enzymes (10). One is located at the putative first transmembrane helix embedded within the plasma membrane, suggesting lipid substrate binding, whereas the other one is located in a large cytosolic loop and is suggested to be a catalytic motif. Sequence alignment also revealed that the latter conserved motif could resemble a tyrosine phosphate phosphatase motif of the tumor suppressor, phosphatase and tensin homolog. However, its exact role in the reaction of the carrier lipid dephosphorylation, including the enzyme catalytic mechanism and structural information, is still not known.
UppP is predicted to be a highly hydrophobic protein with eight transmembrane helices. Therefore, the difficulties in producing sufficient quantities of properly folded and active proteins for structural and functional studies are anticipated. We recently have successfully purified active UppP (N terminus is located in the cytoplasm) from E. coli by using a bacteriorhodopsin as a tag fused at the N terminus of the target proteins (16) . This opens new opportunities to investigate the specific amino acids critical to enzymatic catalysis by site-directed mutagenesis. In this study, we predict a two-dimensional structure of UppP, showing that both of the consensus regions, containing (E/Q)XXXE plus PGXSRSXXT motifs and a histidine residue, are localized near the aqueous interface of UppP and oriented toward the periplasmic site, implicating that its biological function is on the outer side of the plasma membrane. We also propose a three-dimensional model for UppP constructed by the Rosetta membrane ab initio modeling program (17) . The model was validated by the molecular dynamics (MD) simulation analysis as well as the site-directed mutagenesis of FIGURE 1. Biosynthesis of C 55 -P and cell wall peptidoglycan in E. coli. UppS synthesizes C 55 -PP, which is dephosphorylated to monophosphate C 55 -P by the phosphatase BacA/UppP. Subsequently, the sugars-pentapeptide are transferred to C 55 -P by the enzymes MraY and MurG producing lipid I and lipid II, respectively. Lipid II is then translocated to the periplasm via flippase (FtsW) for peptidoglycan assembly by the penicillin-binding proteins (PBPs). Finally, the peptidoglycan is transferred to the peptidoglycan chain, and the C 55 -P is flipped back to the cytoplasm to repeat the cycle after being dephosphorylated by enzymes YbjG, PgpB, or YeiU. The blue question mark denotes that it is currently unknown how the dephosphorylated periplasmic C 55 -P molecules return to the cytoplasm in the recycling pathway. The red question mark denotes that the function of BacA/UppP in the cytosolic compartment or periplasmic space is still unclear. Cell wall active antibiotics are as follows. Bacitracin forms a metal-dependent complex with C 55 -PP and inhibits its dephosphorylation. Tunicamycin inhibits the transfer of peptidoglycan precursor (phospho-MurNAc-pentapeptide) to the C 55 -PP. Vancomycin inhibits cell wall synthesis by binding to the two D-Ala residues on the end of the pentapeptide chains. Penicillin and moenomycin A (MmA) inhibit the penicillin-binding proteins.
amino acids putatively involved in enzyme catalysis. Our study demonstrates that both mutations (E17A and E21A) of the residues Glu-17 and Glu-21 within the (E/Q)XXXE motif, interacting with the pyrophosphate moiety of Upp through a magnesium ion in the model, result in a decrease of k cat values of ϳ5 fold, and the K m value of E17A for Fpp increases ϳ4 -5-fold compared with the wild type. The double mutation E17A/E21A completely eliminates enzyme activity. In the PGXSRSXXT motif, a putative structural P-loop, Arg-174, also establishes a hydrogen bond with the OH group of the pyrophosphate moiety in the model. The R174A mutant is completely inactive. The conserved His-30 residue is spatially in close proximity to the pyrophosphate moiety in the model. The H30A mutant also results in a severely impaired enzyme activity. Our data demonstrate that the active site of UppP is composed of these two consensus regions. This study provides a first insight into structure-function relationships of UppP in E. coli and probably in other bacterial species.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis of UppP-Mutants were constructed using KOD Hot Start Master Mix obtained from Novagen. DNA oligonucleotides were synthesized at Genomics (Taiwan). Sequence verification of the mutagenesis products was performed at Mission Biotech (Taiwan).
Protein Expression and Purification-Expression and purification of the E. coli UppP were performed as described previously (16) . Briefly, the expression vector harboring the Hmbop1/D94N-uppP gene was transformed into E. coli C41 (DE3), which was grown at 37°C in LB medium containing 100 mg/ml ampicillin. When the A 600 reached about 0.9, the final concentrations of 0.5 mM isopropyl ␤-D-thiogalactoside and 5-10 mM all-trans-retinal (Sigma) were added for 5 h of induction at 37°C. For purification of UppP, the cells were harvested and resuspended in buffer A (50 mM Tris, pH 7.5, 500 mM NaCl). The cells were disrupted by Constant Cell Disruption Systems (Constant Systems Ltd.), and the membrane was collected by ultracentrifugation at 40,000 rpm for 1.5 h. The pellet was solubilized in buffer A with 1% (w/v) n-dodecyl-␤-D-maltopyranoside at 4°C for 2.5 h. The latter solution was centrifuged again (20,000 rpm for 0.5 h at 4°C), and the supernatant was loaded onto nickel-nitrilotriacetic acid column and washed with buffer A containing 75 mM imidazole and 0.05% DDM. Tobacco etch virus protease was then added for digestion during the buffer dialysis at 4°C overnight. Finally, the protein solution was loaded onto Ni-NTA column, and the native UppP was eluted by washing with buffer A containing 0.02% DDM. For enzyme long term storage, aliquots of protein were dropped directly in liquid nitrogen and stocked in a Ϫ80°C freezer.
Mass Spectrometry Analysis-The mass spectrometry (MS) analysis was performed at the Core Facility for Protein Structural Analysis in Academia Sinica (Taiwan). The dried gel pieces containing purified UppP proteins were prepared for trypsin digestion, and then the peptide mixtures were purified and desalted for mass analysis. MS analysis was performed on an ABI 4700 TOF-TOF Proteomics Analyzer (Applied Biosystems). Data were searched using GPS Explorer (Version 3.6) with the search engine MASCOT.
Phosphatase Activity Assays-The UppP activity was measured as described previously (16) . Basically, the phosphatase activity was determined by using a phosphate colorimetric assay kit (BioVision). The enzymatic assay reaction mixture (200 l) contains 50 mM Hepes at pH 7.0, 150 mM NaCl, 10 mM MgCl 2 , 0.02% DDM, 35 mM Fpp (Sigma), and 20 nM purified UppP. The reaction was incubated at 37°C and then quenched by adding 30 l of Malachite Green reagent. The released phosphate was measured at 650 nm and quantified based on the phosphate standard curve. The effect of pH on UppP activity was assayed at various pH values, pH 5-6 (sodium acetate), pH 6.5-8 (Hepes), and pH 9 (Tris-HCl). For determination of Fpp kinetic parameters of wild-type and UppP mutants, 0.3-57 M Fpp were used along with 20 -40 nM UppP. All reactions were carried out in 50 mM Hepes at pH 7.0, 150 mM NaCl, 10 mM MgCl 2 , 0.02% DDM at 37°C. The initial velocity data were fitted to Michaelis-Menten equation using the KaleidaGraph computer program (Synergy software) to obtain K m and k cat values.
Measurement of Inhibition Constant for Bacitracin-The measurement of the inhibition constant for bacitracin was performed in a reaction mixture containing 20 nM UppP and 35 M Fpp in the buffer of 50 mM Hepes at pH 7.0, 150 mM NaCl, 10 mM MgCl 2 , and 0.02% DDM in the presence of various concentrations of the inhibitor. The reaction was incubated at 37°C and quenched by adding 30 l of Malachite Green reagent as described previously. The initial rate was obtained from different concentrations (0 -100 M) of the bacitracin, and the K i value was determined by fitting Equations 1 and 2(18) and calculated by nonlinear regression using the KaleidaGraph computer program (19) .
In these equations, A(I) is the enzyme activity with the inhibitor concentration I; A(0) is enzyme activity without inhibitor; I is the inhibitor concentration; K i is the inhibition constant of the inhibitor; S is Fpp concentration, and K m is Michaelis constant of Fpp.
Assignment of Transmembrane Helical Regions-Multiple sequence alignment of several UppPs was first aligned by CLC sequence viewer software, a bioinformatic tool for multiple sequence alignment and editing. The transmembrane helical regions of UppP were then estimated through the comparison of the secondary structure and membrane protein topology predictions, which were done by Phyre2 (20) and Topcons (21) servers, respectively. Certain known information based on the experiments, such as both the N and C termini of UppP localized in the cytoplasm and the active site comprising regions I and II, were also required in this assignment. These studies are important and provide critical information for model generation (Rosetta membrane ab initio modeling prediction).
Rosetta Membrane ab Initio Modeling Prediction-The atomic three-dimensional model of E. coli UppP was generated by the Rosetta membrane ab initio modeling procedure (17) . The lipophilicity of each residue in the defined transmembrane regions of E. coli UppP was first calculated. Two-fragment (3 and 9 amino acids) databases generated by the Rosetta Fragment Libraries server were then utilized to generate the atomic models. One thousand models were generated with the default parameters. The three-dimensional lookup table was used for residue neighbor calculations. No nonhelical secondary structure fragments were in the predicted transmembrane regions in the hydrophobic layer of the membrane. To reduce the calculation time, the total number of Monte Carlo-based membrane normal cycles was set to 40. The magnitude of membrane normal angle search step size was 15°, and the center search step size was 2 Å and sorted according to the Rosetta scoring function. Eighteen candidates were filtered on the basis of the criteria that the C␣ positions of three residues Glu-21, His-30, and Arg-174 were in a 10 Å diameter (an average distance of H-bond and the side chain of arginine) of sphere. All the model candidates were checked manually, and only the models composed of an active site pocket were considered. Finally, the best model was chosen and optimized by PyMol software, XtalView (22) , and RefMac (23) . The optimal model of Upp molecule was also applied to the PPM server to validate the position of E. coli UppP in the lipid bilayers. The three-dimensional structure of Upp substrate was prepared and optimized by the Marvin-Sketch software for the UppP and Upp complex modeling. The conformation of Upp was carefully adjusted and fitted into the predicted active site along with a Mg 2ϩ ion that was coordinated with the pyrophosphate group and two glutamates in the conserved (E/Q)XXXE motif. The rest part of the 55-carbon chain was docked into the hydrophobic surface composed of TM2, TM3, TM4, and TM5.
Molecular Dynamics Simulation Analysis-To evaluate the stability of E. coli UppP model in the membrane, the MD simulation was performed using NAMD version 2.9 (24) . The preoriented E. coli UppP model calculated by the PPM server was loaded into the membrane builder module of CHARMM-GUI server (25) . The cross-sectional area profile was calculated to assist the alignment of protein and lipid bilayer. The rectangular box was selected, and 1.5 lipid layers between neighboring proteins was set (1.5 lipid layers mean, at least, three lipid molecules will be placed between two proteins in the system). A homogeneous lipid bilayer was built with palmitoyl oleoyl phosphatidylcholine, and the water thickness was 15 Å on the top and bottom of the protein. The E. coli UppP model was then inserted into the pre-equilibrated lipid bilayer with a hole whose size is comparable with the protein size. Finally, the assembled system contained 42,738 atoms (1 protein, 112 palmitoyl oleoyl phosphatidylcholines, 7,826 waters, and 2 Cl Ϫ ions). Six steps of system equilibration were performed to ensure gradual equilibration of the initially assembled system. Various restraints were applied to the protein, water, ions, and lipid molecules, and the forces were reduced slowly as the equilibration progresses. The NVT (constant volume and temperature) was used for the first two steps, and the NPAT (constant pressure, area, and temperature) was used for the following four steps at 303.15 K. The first five steps were done on CHARMM-GUI server. Step 6 of system equilibration and the 30 ns of production runs were done on the ALPS1 computing facility of National Center for High Performance Computing, Hsinchu, Taiwan. The output trajectory files were analyzed using VMD (26) to obtain the values of root mean square deviation (r.m.s.d.) and root mean square fluctuation (r.m.s.f.). The sausage representation of r.m.s.f. distribution was performed by PyMOL software.
RESULTS

Comparison of Amino Acid Sequences of UppP Enzymes
and Two-dimensional Structure Analysis-The amino acid sequence alignment of UppP enzymes from 12 bacteria is presented in Fig. 2 . This alignment reveals two highly conserved regions, region I (residues 17-30) and region II (residues 170 -178). Region I contains three highly conserved charged amino acids, including two negatively charged residues Glu-17 and Glu-21, one histidine (His-30), and two conserved polar residues Ser-26 and Ser-27. In this region, a glutamate-rich (E/Q)XXXE motif (residues 17-21) constructed by two highly conserved residues, Glu-17 and Glu-21, is found. This motif could be functionally similar to the aspartate-rich DDXXD motif that has been shown to be essential for the catalytic function and substrate binding of metal ion-complexed pyrophosphate ester by x-ray structural and site-directed mutagenesis studies (27) (28) (29) (30) . In region II, one proline residue (Pro-170), one positively charged residue Arg-74, three polar residues Ser-173, Ser-175, and Thr-178, ands two glycine residues (Gly-171 and Gly-176) are conserved. This region contains a strongly conserved PGXSRSXXT motif (residues 170 -178) that could be a structural P-loop, phosphate-binding loop, commonly found in many phosphate-binding enzymes, such as nucleotide triphosphate hydrolase and the cAMP binding domain (31) . In E. coli UppS, for example, the P-loop motif is composed of Gly, Asn, Gly, and Arg located at the N terminus of the ␣1 helix. Except for the second Gly, all residues are strictly conserved among cis-prenyltransferases. Mutations in this region may affect the substrate affinity and turnover number (32, 33) . The P-loop in the bacterial RecA proteins have also been defined by the sequence GPESSGKT (34) . Most of the mutations within this motif are from the loss of DNA repair function. Amino acids with a smaller side chain, such as glycine or serine, in the P-loop may play a critical structural role for DNA binding (35, 36) . Besides the two conserved regions, we also identified certain charged or polar residues that are highly conserved (Asp-111, Glu-137, Asp-150, and Arg-261) and partially conserved (Glu-41, Asp-43, Glu-49, Gln-53, Arg-189, and Glu-194) among the 12 UppP sequences (Fig. 2 ). Because the crystal structures of the bacterial UppP or a similar protein of this family are currently unavailable, the structural information of UppP is not currently known. We therefore attempted to employ various computational programs to predict transmembrane helices of UppP, and the results are shown in Table 1 . Certain important information about the protein topology based on these experiments, such as the localization of N and C termini of UppP as well as the amino acid composition of its active site, are also considered in this assignment (see "Discussion"). The results, containing a two-dimensional structure of UppP, two consensus regions, and certain not fully identical residues in the UppP family, are presented in Fig. 3 . Surprisingly, most of the selected residues, including two consensus regions, are coincidentally localized near the aqueous interface of UppP and oriented toward the periplasmic site. Two exceptions are Glu-137 and Asp-150, located at the aqueous interface of UppP but facing the cytosol (Fig. 3 ). Because these consensus regions are specific to the UppP family, we speculate, considering evolutionary conservation and arrangement of active sites, that its catalytic site is composed of these consensus regions, and its function is likely in the periplasmic space. To explore their possible roles in enzyme catalysis, site-directed mutagenesis and structural modeling of these regions were undertaken and described below.
Characterization and Enzymatic Activities of UppP-The recombinant wild-type E. coli UppP is purified and shown by SDS-PAGE under reducing conditions (Fig. 4) . The major band, marked with an arrow of Fig. 4 on SDS-PAGE, was excised and subjected to mass spectrometry analysis. The result shows that the significant top one hit is UppP with a mascot score of 17,387.92 and a sequence coverage of 54.21% of the whole amino acid sequence of UppP. For testing the phosphatase activity of UppP, experiments are performed in the presence of various substrates, and the amount of released phosphate is measured by using Mal- achite Green assay. Assignments of determining phosphatase activity have been proposed previously (3, 7) . It has been reported that another E. coli undecaprenyl pyrophosphate phosphatase, PgpB, catalyzes the dephosphorylation of Upp with a relatively low efficiency compared with diacylglycerol pyrophosphate and Fpp, probably due to the arrangement difficulties of the long chain isoprenoids in the mixed detergent micelles (9) . Therefore, in our test we use Fpp as a model substrate. The purified UppP proteins show clear activity of dephosphorylation of Fpp. To determine the optimal reaction conditions of UppP, the enzyme at various pH values and detergent concentrations is investigated. As shown in Fig. 5A , the optimal pH value for the phosphatase activity has been found between pH 6.5 and 7.0, and the activities are decreased gradually at pH 5.0 and 8 -9, respectively. The phosphatase activity of UppP at pH 7.0 is also determined at various concentrations of DDM (0.02-1%). Although the maximum activity has been found at 0.02% DDM (Fig. 5B) , the enzyme presents high activity over 80% between 0.05 and 1% DDM, with an average of 85%. This finding is consistent with the previous conclusion that the PgpB phosphatase activity was not affected by the detergent (9) . Subsequent assays of UppP are therefore performed at the optimal pH of 7.0 with 0.02% DDM.
The polypeptide antibiotic bacitracin has been shown to inhibit the bacterial cell wall synthesis through the sequestration of the pyrophosphate moiety of C 55 -PP (37, 38) . Therefore, the inhibition of E. coli UppP by bacitracin has also been determined (Fig. 6B) . The IC 50 Metal Ion Requirements-The metal ion often plays an essential role in metal-requiring enzymes. In prenyltransferases, for example, the common mechanism may be that a magnesium ion coordinates with the pyrophosphate moiety of Fpp substrate and facilitates the nucleophilic attack by making the pyrophosphate a better leaving group. Therefore, we tested the phosphatase activity in the presence or absence of various divalent cations (Mg 2ϩ , Mn 2ϩ , Zn 2ϩ , Co 2ϩ , and Ca 2ϩ ) after incubation of the enzyme with the metal ion chelator EDTA at 25°C for 10 min. Fig. 5C shows that the enzyme is completely inhibited in the presence of 5 M EDTA, whereas the activity is recovered and stimulated by addition of Mg 2ϩ , Ca 2ϩ , Co 2ϩ , and Mn 2ϩ exhibiting100, 125, 39, and 18% relative activities respectively, as compared with that in the presence of Mg 2ϩ ions. On the contrary, Zn 2ϩ failed to activate UppP enzyme, retaining only 2% activity. The enzyme also retains about 50% activity in the absence of divalent metal ions, suggesting that the purified enzyme has retained some bound metal ions (Fig. 5D ). This result demonstrates an absolute requirement of Mg 2ϩ or Ca 2ϩ ion for catalytic activity in UppP.
Site-directed Mutagenesis of E. coli UppP-To determine the structure-function relationships of this enzyme, we performed a series of site-directed mutations to examine their possible roles in substrate binding and catalysis. All the conserved residues within the UppP enzyme were mutated to the nonpolar residue alanine to eliminate their hydrogen bonding capability. In region I, mutations were targeted to convert either the first or second glutamate residue (within the (E/Q)XXXE motif) and the conserved residue histidine to alanine (E17A, E21A, and H30A). In region II, four conserved residues, Ser-173, Arg-174, Ser-175, and Thr-178 in the structural P-loop motif and other two highly conserved residues Arg-189 and Arg-261, which could have interactions with the substrate, were also replaced with alanine. The UppP mutants are purified and are shown by SDS-PAGE in Fig. 4 , and the mutagenesis results are shown in Table 2 . The H30A mutant completely lost its enzyme function, whereas E17A and E21A mutants within the (E/Q)XXXE motif still retain some enzyme activity (26 and 40% of the wild type). We also measured the kinetic parameters of wild-type UppP and E17A and E21A mutants (Fig. 6 ). The Fpp K m and k cat values of the wild type are 10.8 M and 2.1 s Ϫ1 , respectively. In contrast, E17A and E21A within the (E/Q)XXXE motif result in a decrease of k cat values of ϳ5-fold compared with the wild type. E17A also shows a K m value ϳ4 -5-fold higher than that of the wild type ( Fig. 6, A, C and D) . These data suggest that both glutamates are involved in catalytic function, and Glu-17 is also important for substrate binding. Because this motif might be functionally similar to the DDXXD motif, in which two Asp residues coordinate with the pyrophosphate moiety of substrate via a magnesium ion, a double mutation in this motif was prepared (E17A/E21A). As predicted, mutation E17A/E21A has complete loss of function (Ͻ1%), presumably by abolishing substrate binding to the active site. This result is similar to the previous study in farnesyl diphosphate synthase from Bacillus stearothermophilus, which concluded that these aspartate residues within the DDXXD motif are essential in catalysis and substrate binding (29) . Mutations within the putative structural P-loop (PGXSRSXXT motif) and R189A and R261A show similar results. Except for S175A and R189A retaining 32 and 11% activity, all mutations have significantly reduced catalytic activ-ity (Ͻ1%), suggesting that these residues are important in enzyme function ( Table 2 ).
In the search for other residues that may play a role in catalysis, we examined eight more charged or polar residues, including highly conserved residues Asp-111, Glu-137. and Asp-150, and partially conserved residues Glu-41, Asp-43, Glu-49, Gln-53, and Glu-194 as we described above. However, most of the mutations (E41A, D43A, E49A, Q53A, D111A, D150A, and E194A) have only a little or no influence on catalytic activity ( Table 2 ). The E137A mutant is expressed at a very low level, implying some instability or folding problems. Therefore, its activity was not determined. These data are in contrast to mutations within regions I and II, which render the enzyme completely inactive. Taken together with these mutagenesis results, we suggest that these polar residues (Glu-137 not included) are not essential for the catalysis and may not be involved in the active site. In other words, residues essential for enzyme activity within the (E/Q)XXXE and PGXSRSXXT motifs as well as His-30 are considered to be the catalytic core of the enzyme.
Structural Model of E. coli UppP-The structural model for E. coli UppP, as proposed here, is constructed by the Rosetta membrane ab initio modeling program. To be able to design a more accurate model of UppP, the transmembrane helical regions of UppP are estimated by comparison of the secondary structure and membrane protein topology predictions as described above, and all eight predicted transmembrane helical regions are required to span the membrane during modeling. Finally, 18 candidates (data not shown) were filtered, and the best model was chosen and optimized (details are provided under "Experimental Procedures"). The final model includes a full-length sequence of 273 amino acids of UppP, composed of eight predicted transmembrane helices (TM1-8), including a short TM5 with 11 amino acids, and a magnesium ion as well as Upp substrate (Fig. 7A) . Fig. 7 shows the structural model of UppP in complex with Upp and a magnesium ion. In this model, the substrate-binding pocket is mainly constituted of TM1, TM2, TM4, and TM5, although TM3, TM6, and TM8 are folded on the opposite site to this pocket. The TM7 is located at the outermost layer and lies on the surface of TM3 and TM6 (Fig. 7A) . The pyrophosphate moiety of the Upp substrate sits in an active-site pocket surrounded by negatively (Glu-17 and Glu-21) and positively (Arg-174) charged residues, whereas part of its 55-carbon chain (approximately between C16 and C40) lies on a hydrophobic surface mainly composed of Val-51, Ile-52, Gly-55, Ala-59, Val-60, Met-63, and Phe-64 amino acids in the TM2 helix within the membrane region of the enzyme (Figs. 7 and Fig. 8A ). The remaining hydrocarbon tail (approximately between C1 and C15) is highly flexible and oriented toward the lipid bilayers. Our structural model of enzyme-substrate complex is similar to the crystal structure of membrane-embedded phospho-MurNAc-pentapeptide translocase (MraY), suggesting an inverted U-shaped hydrophobic groove surrounding TM9b helix (transmembrane 9b) within the membrane region of the protein surface along with a Mg 2ϩ ion-chelated aspartate-rich active site for the substrate binding of the 55-carbon chain undecaprenyl phosphate (39) .
The structural details of the conserved (E/Q)XXXE motif, in which two carboxylate groups of Glu-17 and Glu-21 interact with the pyrophosphate moiety of Upp through a magnesium ion and the guanidinium group of Arg-174 in the putative structural P-loop establishes a hydrogen-bonding interaction with the OH group of the ␣-phosphate of Upp, are shown in Fig.  8B . His-30 is in close proximity to the phosphorus center of Upp in the model and may participate in the reaction of hydrolysis directly (Fig. 8B) . Residues Ser-173, Ser-175, and Thr-178 probably participate in stabilizing the positioning of the pyrophosphate moiety on its site (Fig. 9, A and B) . Arg-261 is positioned behind the structural P-loop and may stabilize it through the hydrogen bond with Ser-173 ( Fig. 9A ). Arg-189 may stabilize His-30 by interacting with its main chain, whereas Glu-194 may stabilize the Arg-189-containing loop (Fig. 9B ). Our data presented here are consistent with the mutagenesis analysis in which these UppP mutants cause a significant reduction of phosphatase activity ( Table 2) .
The flexible loop composed of amino acids from 41 to 53 comprises part of the active site pocket in the model (Fig. 9C) . Mutations E41A and D43A could influence the stability of this loop, whereas E49A and Q53A could change the hydrophobicity of TM2 (Table 2) . Glu-137 is located at the cytoplasmic end of TM4 and may stabilize the TM2 and TM3 through the salt bridges with the Arg-67 and His-94, respectively (Fig. 9D) . The E137A mutant could eliminate the interaction capabilities among TM2, TM3, and TM4, which render protein unstable during synthesis (Table 2) . Asp-111 is located at the periplasmic end of TM4 (at the membrane-water interface) where it is far away from the putative active site, and Asp-150 is located at the aqueous interface oriented toward the cytosolic side. The D111A and D150A mutants still retain high activity (64 and 100%, respectively). The ab initio predicted model provides a structural explanation for inactive mutations covered in two consensus regions as well as some not fully conserved residues.
Molecular Dynamics Simulation of E. coli UppP-The backbone r.m.s.d. of native E. coli UppP shows a steady increase from 2.5 to 3 Å in 30 ns. For the enzyme-substrate complex, the region of the long chain Upp between C16 and C40 is modulated by the hydrophobic surface located in TM2 helix, and its remaining 15-carbon chain is oriented toward the lipid bilayers. The backbone r.m.s.d. slightly increases at the beginning of 7 ns (3.0 to 3.1 Å) and then remains stable over 15 ns (2.8 to 3.1 Å) (data not shown). The transmembrane core of native and complex structures of E. coli UppP in the lipid bilayers shows only small structural change during the simulation analysis (Fig. 10) . The distribution of r.m.s.f. indicates that the fluctuation of transmembrane helical regions is 1.9 and 2.1 Å in native UppP and enzyme-substrate complex, respectively, whereas the extracellular loops show a higher flexibility (3.4 and 3.8 Å, respectively) ( Fig. 10) . Two loops composed of amino acids 31-43 (4.3 Å) and 72-85 (5.8 Å) are flexible in the native UppP but remain stable when substrate is bound. The other three loops 25-30 (6.2 Å), 43-50 (4.6 Å), and 181-186 (5.9 Å) show higher flexibility only in the substrate-bound enzyme complex, whereas the loop 140 -150 shows flexibility in both cases (5.2 and 7.1 Å, respectively) ( Fig. 10) .
Plausible Catalytic Mechanism-The plausible reaction mechanism of UppP deduced from the present structural model and mutagenesis studies is outlined in Fig. 11 . The catalytic event is likely initiated when the conserved residue His-30 acts as a nucleophilic attack on the phosphorus center to form a phosphohistidine intermediate. Then a water ion (or OH Ϫ ion) makes a second nucleophilic attack on the phosphate of the phosphohistidine intermediate. The importance of His-30 in catalysis has been shown by a significant decrease in enzyme activity of the H30A mutant ( Table 2) . Glu-17 and Glu-21 residues within the (E/Q)XXXE motif may also be involved in the catalysis and substrate binding by way of a chelated magnesium ion.
DISCUSSION
In this study, the wild type and mutated UppP proteins are overexpressed in E. coli, extracted from the membrane, and purified using a bacteriorhodopsin tag fused at the N terminus of UppP. The enzyme dephosphorylating activity is also examined. We identified that a divalent cation, such as magnesium or calcium ions, is essential for enzyme activity. This is also observed by the analysis of eliminating the metal ions from the reaction mixture by adding EDTA, resulting in a completely inactive enzyme (Fig. 5, C and D) . In fact, the requirement of metal ions is commonly observed in pyrophosphate moiety substrate-binding protein, such as pyrophosphatases and prenyltransferases. The enzymatic mechanism has been determined by x-ray structural and site-directed mutagenesis analysis. It is believed that the metal ion(s) chelated by acidic residues stabilizes the pyrophosphate moiety of substrate, making the inorganic phosphate or pyrophosphate group a better leaving group. We previously solved the E. coli UppS (undecaprenyl pyrophosphate synthase) crystal structure in complex with farnesyl thiopyrophosphate (an analog of Fpp) and Ipp sub-strates, and we demonstrated that Mg 2ϩ ion is essential for the enzyme catalysis by facilitating the pyrophosphate elimination (40) . Pojer et al. (41) demonstrated that CloQ, a soluble aromatic prenyltransferase involved in clorobiocin biosynthesis, from Streptomyces roseochromogenes requires Mg 2ϩ or Ca 2ϩ ions for its enzymatic activity. Plus, recent reports on the crystal structure of membrane-embedded sodium (or H ϩ )-translocating pyrophosphatase showed that metal ions (Mg 2ϩ or Ca 2ϩ ) mediate the interactions between pyrophosphate substrate and aspartate residues in the active site for enzymatic hydrolysis (42, 43) . The role of the metal ion in these enzymes is apparently required not only for substrate binding but also for catalysis. In E. coli UppP, the metal ion may play a similar role in the catalytic mechanism. In de novo synthesis, after C 55 -PP is produced by a soluble UppS, this highly hydrophobic carrier lipid precursor may enable spontaneous diffusion in the membrane before its negatively charged pyrophosphate moiety docks to the active site for hydrolysis. Certain conserved acidic residues, such as Asp and Glu, and basic residues, such as Lys, Arg, and His, surrounding the active site essential for enzyme catalysis and substrate binding can be commonly observed in many phosphatebinding proteins. For example, we previously solved the crystal structure of the trans-type octaprenyl pyrophosphate synthase from Thermotoga maritima and demonstrated that sulfate ions (resembling the pyrophosphate moiety of the Fpp or Ipp substrate) are directly attached to the two aspartate-rich DDXXD motifs via magnesium ions, and the basic residues (arginine, lysine, and histidine) may play an important role for substrate binding (30) . In bacterial UppP enzymes, sequence alignment shows two consensus regions, containing a glutamate-rich (E/Q)XXXE motif and a putative structural P-loop PGXSRXXXT motif as well as a conserved histidine residue, that are unique to bacterial UppP family (Fig. 2) . Presumably, its active site is composed of these two regions. This hypothesis is supported by the site-directed mutagenesis experiments in which mutations (E17A, E21A, E17A/E21A, H30A, S173A, R174A, S175A, and T178A) within these two regions are essential for enzyme catalysis and might also participate in the substrate binding (Table 2 and Fig. 6 ). The proposed two-dimensional topology and the structural model of the substratebound enzyme complex in this work also provide a plausible suggestion for a structure of the active site of UppP (Figs. 3 and 7-9). However, we do note that a topological model of UppP produced using the TMHMM program predicts only seven transmembrane helices that cause the consensus region I, including (E/Q)XXXE motif and His-30, buried in the plasma membrane, whereas the PGXSRSXXT motif is oriented toward the inner membrane within a large cytosolic loop. Such an arrangement of active sites seems unlikely to work functionally if indeed both regions are identified to be essential in the catalysis and substrate binding. The predicted topology produced using the SVMtop or TopPred 2 program also has a similar problem with the arrangement of the enzyme active site (Table  1 ). Although the structural information of protein in complex with the 55-carbon long chain Upp molecule is currently not known, we did previously solve the crystal structure of E. coli UppS in complex with sulfate ions and two Triton X-100 molecules, which may mimic the pyrophosphate moiety of the Upp product docking in a hydrophilic active site along with the long chain hydrocarbon moiety of the Upp occupying the entire hydrophobic tunnel in UppS (44) . It is therefore reasonable to assume that the (E/Q)XXXE plus PGXSRSXXT motifs and His-30 are involved in the active site of UppP, and these charged or polar residues may directly or indirectly interact with the substrate for catalysis and binding.
The role of the conserved residue histidine in the enzymatic mechanism is intriguing. This amino acid is in close proximity to the pyrophosphate moiety in the model, and its mutation H30A causes severely impaired enzyme activity (Ͻ1%), suggesting its importance in catalysis ( Table 2 ). In the proposed catalytic mechanism, it seems plausible that His-30 initiates a direct or indirect nucleophilic attack at an electron-deficient phosphorus center of pyrophosphate moiety of Upp substrate during the hydrolysis (Fig. 11) . In our structural model, however, His-30 is located in a flexible loop composed of amino acids 23-50, which would be considered to be less accurate than the rest of the model. Therefore, several charged or polar residues located near the putative active site have also been examined (E41A, D43A, E49A, Q53A, D111A, and E194A) to clarify the role of histidine in enzyme catalysis. However, all mutations have enzyme activity (20 -100%), indicating that these nearby residues are postulated to be functionally less important. These data suggest that the histidine residue is involved directly in the catalytic mechanism. In fact, using a histidine as a nucleophile in the catalytic mechanism is commonly found in phosphatase family. For example, the histidine phosphatase superfamily, containing dPGM, PhoE, SixA, fructose-2,6-bisphosphatase, and TIGAR (TP53 (tumor protein 53)-induced glycolysis and apoptosis regulator), used a histi- dine to initiate a nucleophilic attack and was phosphorylated during the reaction (45) (46) (47) (48) (49) . Another example is the phosphatidic acid phosphatase type 2 superfamily. As mentioned above, the membrane-embedded undecaprenyl pyrophosphate phosphatases (PgpB, YbjG, and LpxT) belong to this family, characterized by three conserved motifs. This family also contains PhoN protein, vanadium-dependent chloroperoxidases, glucose-6-phosphatase, and lipid phosphate phosphatases (50 -53) . The reaction mechanism has been well defined in the PhoN protein by x-ray structural and mutagenesis studies (50) . It is generally believed that the histidine initiates a nucleophilic attack at the phosphorus center to form a phosphohistidine intermediate, and the second histidine acting as a general acid/ base facilitates the release of the phosphate. Interestingly, UppP has no sequence homology to the PgpB, YbjG, and LpxT but does share the activity of C 55 -PP dephosphorylation. It is highly possible that UppP utilizes a similar catalytic mechanism in E. coli and probably in other bacterial species.
The MD simulation provides a desirable reliability of the proposed E. coli UppP model. The minor variation of the transmembrane core indicates that the predicted structural model might remain stable over time in the lipid bilayers ( Fig. 10 ). Our data suggest that the TM2 helix might play an essential role for the arrangement of the long chain isoprenoid of the substrate in E. coli UppP. This can be observed by the evaluation of an alternative enzyme-substrate complex model, in which the hydrocarbon tail of Upp occupies a hydrophobic groove (composed of TM2 and TM4) instead of lying on the hydrophobic surface of TM2 helix, and its remaining carbon chain (approximately between C1 and C15) is oriented toward the cytosolic compartment rather than in membrane bilayers. The average r.m.s.d., however, increases to 3.8 Å (2.8 -3.1 Å in the current substratebound enzyme complex model), implicating that the substrate binding is unstable. Our data also suggest that the flexible loops composed of amino acids 25-30 and 43-50 may play an essential role in mediating the substrate binding, whereas loop 181-186 might act as a second lid to protect the hydrophilic environment from the catalytic site. However, more evidence is needed to test this hypothesis.
The structural model of UppP is suggests that its putative active site faces the outer side of the plasma membrane ( Figs. 3  and 7) . Our model is generated on the basis of four criteria as follows: 1) N terminus of UppP is located in the cytoplasm; 2) C terminus of UppP is located in the cytoplasm; 3) the active site must comprise consensus regions I and II; and 4) the MD simulation analysis. The recombinant UppP is purified using a bacteriorhodopsin tag fused at the N terminus of UppP (16) . Bacteriorhodopsin belongs to the seven-transmembrane receptor family, normally its N terminus is at the periplasm and C terminus at the cytoplasm (54) . Therefore in our system, the N terminus of UppP should be localized in the cytoplasm to fold with correct topology. UppP with C terminally fused green fluorescent protein (GFP) also exhibits fluorescence activity, 4 suggesting that its C terminus is at the cytoplasmic space, too. These results are consistent with the predicted model of UppP with eight transmembrane helices in which both the conserved regions I and II are localized near the aqueous interface oriented toward the periplasm. This conclusion is also validated by the MD simulation analysis in which the backbone r.m.s.d. of native UppP or the enzyme-substrate complex is constantly stable over time in the lipid bilayer membranes (Fig. 10) . These data implicate that the enzymatic function of UppP is in the periplasmic space. To date, however, it is still unclear on which side the UppP function localized. Whether the C 55 -PP dephosphorylation occurs on one side only or on both sides of the plasma membrane remains unknown. Several important studies previously suggested that PgpB together with YbjG and LpxT participate in the recycling of C 55 -PP with its active site oriented toward the periplasm, but no direct evidence has been shown that UppP is involved in de novo synthesis at the cytoplasm. Our data are suggestive, although not compelling, that UppP mediates the reaction of C 55 -PP dephosphorylation at the outer side of the membrane instead of in the cytosolic compartment. However, further studies in biochemical and structural analysis are needed to test this hypothesis.
The key remaining questions regarding the functional metabolism of the bacterial cell wall synthesis are as follows. 1) Which side of the plasma membrane C 55 -PP does dephosphorylation occurs? Is it only at the periplasm or cytoplasm or on both sites? 2) What is the mechanism by which the carrier lipid C 55 -P (or C 55 -PP) can cross membranes after the transfer of the glycan component to the peptidoglycan chain? Our UppP model suggests that its biological function is in the periplasmic space, and so are the other three bacterial phosphatases (PgpB, YbjG, and LpxT). However, this raises the question of how the dephosphorylation of de novo synthesized C 55 -PP occurs in the cytosolic compartment. A recent study on the crystal structure of MraY proposed a Mg 2ϩ ion-chelated aspartate-rich active site, suggesting for the binding of the phosphate group of C 55 -P, localized in the cytoplasmic site, which clearly shows that the transfer of the phospho-MurNAc-pentapeptide to the carrier lipid C 55 -P occurs in the cytoplasm (39) . Whether an alternative membrane machinery is responsible for the translocation of the carrier lipid C 55 -PP or C 55 -P across the cell membrane is not clear. However, an interesting study recently demonstrated that the FtsW (flippase), an essential division protein in bacteria, mediates the translocation of lipid II molecules to the periplasm for peptidoglycan assembly by using a fluorescent-labeled lipid II in the FtsW-reconstituted proteoliposomes (6), but for the transport of the long chain of the carrier lipid it remains to be determined.
In summary, this study is perhaps first report on structurefunction relationships of UppP in E. coli. In this study, we successfully purified wild type and a series of mutated UppP proteins that are investigating the impact of mutations within two consensus regions on phosphatase activity, and we identified that the (E/Q)XXXE and PGXSRSXXT motifs as well as His-30 residue are essential in enzyme catalysis and substrate binding, suggesting that its active site may comprise these conserved regions and is located in the periplasmic site. The predicted structural model and molecular dynamics simulation also provide an explanation and a plausible suggestion for a structure of the catalytic site in UppP as well as the enzyme-substrate inter-action in the plasma membrane. Further experiments, including structural analysis, combined with biochemical studies will be required to identify the exact role of UppP in the bacterial cell wall synthesis.
